We present a cost analysis based on state of the art printing and coating processes to fully encapsulated, flexible ITO-and vacuum-free polymer solar cell modules. Manufacturing data for both single junctions and tandem junctions are presented and analyzed. Within this calculation the most expensive layers and processing steps are identified. Based on large roll-to-roll coating experiments the exact material consumptions were determined. In addition to the data for the pilot scale experiment presented here, projections to medium and large scale scenarios serve as a guide to achieve cost targets of 5 Vct per W p in a detailed material and cost analysis. These scenarios include the replacement of cost intensive layers, as well as process optimization steps. Furthermore, the cost structures for single and tandem devices are listed in detail and discussed. In an optimized model the material costs drop below 10 V per m 2 which proves that OPV is a competitive alternative to established power generation technologies.
Introduction
An increasing world population combined with increasing living standards intensies the demand for low cost, clean and renewable energy sources. Due to air pollution and carbon dioxide emissions from combustion of fossil fuels the need for regenerative energy sources is becoming a compelling necessity. Organic solar cells (OSCs) are oen discussed as an alternative to inorganic photovoltaics, due to their advantages of light weight, exible substrates and tunable band gaps. However, the most persuasive reason is the promise of a low cost technology, competitive to silicon and thin layer products. The cost potential of organic photovoltaics (OPVs) originates from the low temperature and solution based processing which enables the use of roll-to-roll (R2R) based production methods at high speed and high throughput. Different lm application techniques have been demonstrated which can be used in a R2R process. [1] [2] [3] Compared to the inorganic solar cells the drawbacks of OPVs are the lower device efficiency and shorter module lifetime. In order to compete with inorganic photovoltaics (PVs) a dramatically lower cost of OPVs is necessary. A smart approach to overcome the limiting device efficiency of OPVs is the use of tandem cells. Dennler et al. showed the advantages of this concept which were later also reviewed in other publications. [4] [5] [6] [7] The tandem architecture comprises two different series or parallel connected sub-cells, with active layer materials with complementary absorption spectra. In tandem devices the intermediate layer is one of the crucial processing steps, building an ohmic contact (ideally lossless) between the two sub-cells. The use of poly (3,4-ethylenedioxythiophene) doped with polystyrene sulfonate (PEDOT:PSS) and aluminium doped ZnO as an efficient and robust intermediate layer was demonstrated. 8, 9 This layer combination is compatible with R2R processing which is mandatory for an upscaling process. Currently the record efficiencies are achieved with lab scale devices with active areas below 1 cm 2 , using materials which are synthesized on a very small scale (typically in batches well below 1 g). Furthermore, oen electrodes, interfaces and barrier materials are used which are cost intensive and not compatible with a R2R process or true to the vision of a low cost technology.
For a cost analysis to be useful as a research tool the currently utilized materials and processes are considered. Different publications already investigated the cost analysis of an OPV technology. [10] [11] [12] [13] [14] [15] Oen in these calculations cost intensive layers were included and tandem devices were not considered. In this manuscript we focus on calculations based on real data determined by a R2R process and scale up effects including experts' opinions. Further, comparisons between single and tandem devices are evaluated. It is important that the input is real data with few (or no) assumptions. The accuracy of the starting point is essential for an accurate extrapolation to larger scenarios. In Fig. 1 we show the cost structure of the wellestablished freeOPVs along with photographs of both single junction and tandem junction modules. 27 This is followed by the identication of cost intensive layers, including cost reducing scale up effects which are then used to direct the development of both materials and processing methods. The vision of the end product and the process leading to it has to be maintained at all times. In the case of OPVs this implies that the production and materials have to be fully compatible with R2R processing.
State of the artlab scale
Solution processed state of the art devices currently achieve power conversion efficiencies (PCE) of 10.7% in single and 10.6% in tandem devices. 16, 17 These are, like most of the currently solar cell data, based on a lab scale processes and devices with an active layer <1 cm 2 , using indium tin oxide (ITO) as a front electrode and an evaporated counter electrode. Further, for high performance usually glass is used as the substrate. Fig. (2a) shows an oen used layer stack for OPV cells on the lab scale. Different publications have shown that ITO is one of the most cost and energy intensive layers within the solar stack. 13, 18, 19 The cost model of Azzopardi et al. ends up in a material cost range of 40-150 V per m 2 . The highest share on the total costs is PET/ITO which is in the range of 38-51%. This is followed by the share for the active layer materials (21-27%) and Ag (5-19%) . 13 Different strategies have to be used to lower especially the cost intensive layers: transparent electrode, barrier, back electrode and active layer materials. A very convincing concept to replace the expensive ITO is the use of the Flextrode substrate. 20 This is a completely R2R processed low cost, transparent electrode concept. The current status for ITOfree, R2R processed and packaged large area devices on exible substrates are a PCE of 3.5% for single junctions and 1.3-2.2% for tandem junctions. [21] [22] [23] The certied efficiency for a fully R2R solution processed exible tandem OPV module is 1.76% (active area 52 cm 2 with eight tandem cells in series). We used the manufacturing data from those device types in the report. 24 A detailed description of the materials, the processing and the resulting device efficiency is presented in ref. 24 . For single cells copolymers based on dithieno[3,2-b:2 0 ,3 0 -d]silole (DTS) and dithienylthiazolo [5,4-d] thiazole (TTz) were used in an all-solution roll-process. In the tandem devices poly-3-hexylthiophene (P3HT) and phenyl-C 61 -butyric acid methylester (PCBM) were used in both subcells. As mentioned before, for an industrial application a R2R compatible process has to be chosen.
Results
The starting point for our cost analysis is the R2R production of single and tandem devices. Real values of utilized material amounts and costs are employed to perform the cost analysis of the devices. These are based on the Flextrode substrates which were used instead of cost intensive electrodes like ITO. 20 The second biggest share according to the analysis of Azzopardi was the active layer. 13 Two different active layer materials are analyzed to identify the costs and the cost target of the active layer. The cost of a material is dominantly inuenced by the produced quantity. Three different scenarios are addressed: current status (kW production regime), upscaling process (100 MW regime) and industrial processing (100 GW regime). For the current status supplier costs and experimentally achieved material consumption were used and thus represent what has already been achieved on a relatively small scale. For the upscaled scenarios cost trend estimations based on data from bulk suppliers have been made.
Besides the produced materials' quantity the electricity producing capacity is also important. Due to losses in the charge extraction the cell size of OPV devices is limited. Therefore OPV devices have to be divided into smaller, in series interconnected cells forming a module. The monolithic interconnection is a generally used concept in thin lm module technology. This interconnection area does not contribute to the electricity generation. Therefore it should be as small as possible. The geometric ll factor (GFF) addresses this aspect. It is dened as the ratio of the active to the overall area of the module. The higher the GFF of produced modules the more effective the production yield.
In our experiments a GFF of 37% was achieved. The chosen layout was not optimized with respect to the GFF. In the upscaling and the industrial scenario higher values were used according to estimations and predictions for an optimized processed area coverage: 75% for the upscaling and 98% for the industrial scenario. 25 The electrode materials are known to be one of the highest cost factors. In our models we used (a) Ag electrodes, (b) Ag front and aluminum back electrode and (c) carbon electrodes. Carbon has been proven to show comparable device performance. 26 These electrode scenarios are based on a grid structure.
The tandem device architecture is a known concept to improve the device performance, but it also comprises more layers and is therefore more expensive and the challenges for maintaining higher technical yield become severe. An analysis of whether single or tandem devices should be used is discussed in a nal section. In Scheme 1 a detailed analysis of the assumptions is given. Three different cases have been considered: current status, upscaling model and industrial model. For all three cases the device optimization potential, the price reduction potential and the material consumption potential are addressed. The material consumption potential refers to a potential of layout improvement which will result in a lower Ag consumption. The price reduction potentials refer to supplier estimations. The assumptions for the active layers materials are based on different expert opinions, necessary for a successful OPV technology.
Cost analysis for single and tandem modulesstate of the art: kW production regime
The rst calculation is based on the so called 'freeOPV' module that has been reported and that is freely available to everybody. A detailed description of this module can be found in ref. 27 . These exible, ITO-free polymer solar cell modules are directly processed on a barrier foil. As active layer materials the commonly known P3HT and PCBM are used. Fig. 2 
(b) and (c)
show the used layer structures for single and tandem devices. Table S1 in the ESI † presents the used materials, the amounts and the corresponding cost for each layer of the single cell devices. Since in this analysis only real process data are utilized in the calculation a very exact determination of the end cost is achieved. For the freeOPV a material costs of 28.63 V per m 2 resulted. For a covered active area of 37% and a module efficiency of 1.82% a cost of 4.28 V per W p is obtained for a 1000 W m À2 illumination. 27 According to Fig. 1 which shows the share of total costs of the freeOPV modules for these cells the barrier foils and silver have the biggest share in the overall costs, followed by the active layer materials. In this manuscript we focus on material costs, since the processing costs depend on various parameters and therefore are only difficult to address and assume. Here labor costs as well as equipment is involved. For a rough estimation we assumed an average cost of 80 V per h for processing costs. By dividing the web speed which was used for each layer (reported in ref. 20 and 24) by this average cost the processing costs per layer can be calculated. The calculation is based on a R2R process described in ref. 20 and 24 with a substrate width of 305 mm. For larger substrates the processing costs will be even lower. This is shown in the ESI in Table S14 -S17 and Fig. S8 † for current state devices as the freeOPV single cells and tandem devices, as well as estimations for upscaling and industrial scenarios under the assumption of higher speeds and more layers processed with an inline process. Fig. 3 shows that for an industrial scenario the assumed processing costs are negligible in comparison to the material costs. It is clear that processing cost presents a signicant share of the cost at the laboratory scale but we underline that already at the present 
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stage the overall cost is dominated by the material cost and upon upscaling the processing cost quickly decreases to an insignicant level and it is relatively safe to assume that the OPV technology is always dominated by material cost even on a relatively small industrial scale. Therefore, in the following only material costs are considered. We analyzed two different models of active layer material combinations for tandem devices: (a) P3HT:PCBM in both subcells (low cost and PCE) and (b) MH301:PCBM and MH306:PCBM (high cost and PCE). For single cell devices P3HT:PCBM (low cost) and MH301:PCBM (high cost) are compared. The MH materials were synthesized at DTU as described previously. 24, 28 Table 1 summarizes the used materials, the material consumption and the resulting costs of P3HT:PCBM tandem modules in both sub-cells, ending up in an overall cost of 34.56 V per m 2 for the tandem device. For the MH materials an estimated cost of 404 V per g was calculated. Table 2 shows a comparison of the active layer costs for the two chosen material systems. Besides the active layer donor materials and the donor:acceptor ratio, for the high cost scenario all other costs are identical to Table 1 . This leads to overall costs of 61.71 V per m 2 for the high cost/PCE scenario. A detailed analysis of the costs is shown in Fig. S3 in the ESI. † As can be seen in Fig. S1 and S2 in the ESI † the costs for the active layer determine the overall material costs of the produced modules, especially for the high cost material. In the cost structure that is achieved, the active materials account for 13% (single device) and 22% (tandem device) of the overall cost in the case of active layer of P3HT:PCBM (45 V per g for P3HT and 70 V per g for PCBM). The share of the active layer is further increased for the high cost scenario resulting in 42% (single device) and 56% (tandem device) (404 V per g for the polymers and 70 V per g for the acceptor material).
A signicant cost reduction of the active layer materials is necessary. The cost of a material can be dramatically reduced with higher capacities. In Section "3.2 Cost analysis single and tandem modules upscaling and industrial scenario: 100 MW and 100 GW production regime" the upscaling scenarios are considered. Here, the effect of higher capacities is addressed. Based on the resulting material amounts the material suppliers assumed the resulting costs which are presented in Scheme 1.
According to Azzopardi et al. the share of the material costs in the balance of module costs is between 65 and 81%. 13 For further scenarios cost trend estimations based on experts' opinions have been made in relation to the used capacities.
An intelligent approach for increasing device performance based on low cost materials is the use of a ternary component which enhances the absorption spectrum of a matrix material in the near infra-red region. This approach has been intensively studied and is also feasible in tandem devices. [29] [30] [31] [32] The module costs of the upscaling and the industrial scenario are dependent View Article Online on further parameters, especially the electrode costs. Since these costs are especially addressed in the upscaling and industrial model no module costs are mentioned for these scenarios in Table 2 .
The costs of inorganic PV is oen calculated in V per W p . The calculation from V per m 2 to V per W p is done by dividing the costs in V per m 2 by the illumination (1000 W m À2 ), an estimated power conversion efficiency (PCE) (2-10%) and the geometrical ll factor (GFF) which gives the ratio of the active area to the processed area. In this calculation process costs are not reected. For example for a material cost of 28.63 V per m 2 and a PCE of 3% with a GFF of 37% a cost of 2.60 V per W p results. Fig. 4 shows the cost analysis of the currently available devices. Single devices and tandem devices are compared for both active layer cost scenarios. The GFF was in all cases 37%. With increasing device efficiency the total costs can be signicantly lowered. In these graphs only material costs are considered which are in the range of 28-62 V per m 2 . In the single junction low cost devices based on P3HT:PCBM are in the range of 3.9 V per W p to 0.8 V per W p . In this case P3HT:PCBM is used as a representative active layer material combination with potential to achieve higher device efficiencies.
Generally, the efficiency of tandem cells is expected to be higher. This aspect is addressed in Section 3.3 by comparing a 40% higher efficiency of tandem devices to single devices. In Fig. 4 and 5 the resulting costs for xed efficiencies are assumed. These vary between 2-10% for both kinds of device architecture. As described in the state of the art section currently R2R processed, ITO free and packaged large area devices on exible substrates reach a PCE of 3.5% for single junctions and 1.3-2.2% for tandem junctions which shows that the selected range for the estimations is realistic.
Besides the used materials also the processing can signicantly inuence the costs. A decisive parameter is the active area. Fig. 4(b) shows the inuence of the GFF for the freeOPV with an overall cost of 28.63 V per m 2 . A dramatic cost reduction is possible for an increased GFF from the current status, 37% (not optimized) to already 50% and 75% which can be achieved by an optimized printing process. For GFFs above 90% a laser ablation structuring process is necessary which we reported as being compatible with a R2R process. 25, 33 In this section we present a cost calculation for R2R processed encapsulated, exible ITO-and vacuum-free OPV modules for both single and tandem junctions based on experimental material consumption data on a pilot scale. The material cost ranges between 28-62 V per m 2 , depending on the active layer material used and the number of active layers in the device. This corresponds to 0.8-8.4 V per W p for a PCE of 2-10%. In comparison to established technologies a further cost decrease is necessary for a competitive market position of OPV devices. By using scale up effects the potential of a matured OPV production will be illustrated.
Cost analysis of single and tandem modules for the upscaling and industrial scenario: 100 MW and 100 GW production regimes
In addition to the current state cost analysis, projections of lower cost targets are analyzed. In the following different scenarios for cost reduction are used. The used amounts of For a reduction of the share of the active layer two different scenarios have been evaluated based on a 100 MW production in an upscaling scenario and a 100 GW production in an industrial scenario.
Based on experts' opinions the cost trends of 20 V per g for the upscaling scenario and 10 V per g for the industrial scenario have been chosen. Here, higher production capacities are necessary which can be easily calculated. For an energy output of 100 MW under the assumption of a module with 5% PCE (50 W m À2 ) a module area of 2 Â 10 6 m 2 has to be processed. Using an active material amount of 0.2 g m À2 , 427 kg of the active layer material is needed for this process. For a 100 GW production output a module area of 2 Â 10 9 m 2 has to be processed, resulting in a necessity of 427 t of the active layer material.
One of the cost intensive layers is Ag. Carbon as an alternative material was proven to be able to replace Ag. 21 Further, a scenario for an aluminium replacement of the back electrode is shown. The cost calculation of the aluminium paste only includes the material consumption for lab scale production and is contrary to the Ag paste and not to a commercial ink. Table 3 summarizes the cost analysis of an upscaling scenario for Ag electrodes. In this scenario a lower consumption of materials and a lower cost are included. The lower material consumption results from process optimization steps and the lower material costs are related to higher production capacities, leading to an overall material cost of 12.81 V per m 2 for tandem devices with Ag electrodes. Table 4 shows the comparison of different electrode scenarios. A cost reduction of 77% for the electrodes could be achieved for the replacement of Ag with aluminium as the back electrode. This would be even more dramatic for carbon replacements (90%). Fig. 5(a) shows the cost model of the upscaling model for different efficiencies. Single cells and tandem cells are compared for all three electrode scenarios. A GFF of 75% was assumed in all cases. For the active layer materials costs of 20 V per g for the donor and the acceptor have been assumed, according to Table 2 . This results in an overall active layer cost of 3.63 V per m 2 . A detailed cost analysis of each scenario can be found in the ESI. † Compared to Fig. 4(a) (current status scenario) the resulting costs per W p would be considerably lower. The resulting costs range between 0.08 to 0.9 V per W p . These scenarios already illustrate the potential for a preindustrial OPV production for a capacity of 100 MW.
For an industrially applicable model a 100 GW production regime is used. This capacity lowers again the material costs, especially for the active layer to an assumed value of 10 V per g for the donor and the acceptor, according to Table 2 . This results in an overall active layer cost of 1.81 V per m 2 . Further process optimization allows a GFF of 98%. A detailed cost analysis of this model is shown in Table 5 (for carbon electrodes and tandem devices). Further cost analyses are presented in the ESI. † Compared to the upscaling scenario a continuous cost reduction was used, leading to cost ranges between 0.05-0.6 V per W p as can be seen in Fig. 5(b) . Due to lower active layer material costs and a higher GFF the cost range spreads between 5.01 and 10.99 V per m 2 for the analyzed scenarios. Fig. 6(a) describes the cost reduction potential of each layer. The different assumptions for the electrode materials are separately presented in Fig. 6(b) . The active layer donor material has the highest potential for a cost reduction. Favoring carbon as the electrode material would show a signicant advantage compared to the competitive electrode materials.
In summary, an OPV technology including material usage with industrial quantities would lead to cost scenarios signicantly below 0.6 V per W p . For a 10% technology all scenarios show a cost below 0.15 V per W p which is a strong argument for fostering research thrust in scale-up and industrialization.
Further aspects
According to the reported prediction it is expected that a PCE improvement by 40% can be obtained for tandem solar cells compared to the optimized single-junction solar cells Table 4 Electrode costs and module costs for the three cost models: (a) Ag front electrodes, (b) Ag front/Al back electrodes, and (c) carbon electrodes. In all models a lower consumption of the electrode material is assumed, according to Fig. 7 shows the technical yield of two rollto-roll processed runs (a) a discrete process and (b) an inline processing. In the best cases the tandem junction yield with the discrete process achieved a yield of 28.8% (576/2000), whereas 96.6% (1938/2000) was reached for inline processing. The module yield resulted in 0% for the discrete processed and 80% for the inline processed tandem modules. We thus assume that the technical difficulty of maintaining a high technical yield for the tandem devices can be overcome and it is assumed that this would be realized in the upscaled and industrial scenario. Fig. 8 includes this prediction and compares the cost model for single cells with the cost model for tandem devices with a 40% higher PCE for the carbon electrode models in the industrial processing scenario. The curve for tandem devices is shifted to higher efficiencies, due to the assumed 40% higher PCE. For example for 2% PCE in single devices, 2.8% in tandem devices is reached. This also results in a lower cost per W p : instead of dividing the cost per m 2 by 20 W m À2 the value is divided by 28 W m À2 . In the case of tandem devices the cost in V per m 2 is higher than the single junction devices. But with an expected 40% gain in PCE the higher PCE will compensate the higher cost which is visible in the comparison of V per W p , also illustrated in Fig S7 in the ESI. † These comparable costs (V per W p ), but higher device efficiencies make tandem devices a promising technique, whenever the full potential of tandems is reached.
Besides the material cost another factor is the cost of installation. Compared to IPV modules the use of exible substrates enables a very quick installation and de-installation of the modules as shown experimentally on a large scale. 34, 35 Installation velocities of >100 m min À1 and de-installation velocities of >200 m min À1 have been realized which illustrates the advantage of the OPV technology.
Conclusion
We demonstrated a cost analysis for OPV single and tandem modules based on three different scenarios: current status (kW production), upscaling process (100 MW production) and industrial application (100 GW production). Based on the current status of freeOPV P3HT:PCBM single cell modules and tandem modules with two different active layer donor materials (low and high cost/PCE scenario) a cost of 1-8.4 V per W p is achieved, depending on the achieved power conversion efficiency, material choice and structure. The main shares of the overall cost have been identied to be the active layer materials, the electrodes and the barrier foils. In an upscaling scenario, a higher geometrical ll factor and lower overall costs are achieved by assuming higher capacities and alternative electrode materials. This has been expanded further to an industrial processing scenario which leads to an expected module cost in the range of 0.05-0.6 V per W p , depending on the efficiency, material choice and structure. These scenarios prove that OPV is a competitive energy technology that not only outperforms IPV but also other energy technologies such as wind, hydro and biomass. 
